FLOG AND FRAGTURE IM GPIHEL STHICTUBED GERANICS 


Contr-ot Mo, Dh-32-12h-ARO-D-207 
Bepsrtuanct of Army Frojeet No. 2001050115700 
Army Research Office, Durham No. 1932-HO 


Hegne Feleow Lit 
Chief Investigator 


TECHNICAL REPORT WO. 1 


"HULTIPLE SLIP PROCESSES IN MAGNESIUM ALUMINATE 
AT HIGH TEMPERATURES" 


Angust, 1965 
Departaent of Engineering Research 


North Caroline State University 
at Raleigh (U.3.A.) 


2004 0924 03! 


- .---Best Available-Gop 


ee 


Hoenn a onshanesinnnisaiesiialaiiimeesniaemeuaianaiall Mi MAT MNO NNN MNES, VANE MEARNS AATEC MOMMA cc MAINA shiny S 


—< 


' 


TABLE OF CORTERTS 


TITLE PAGE a oe o a a e a s a cy a ry * 4, 
TABLE OF COMTEMTB8 =. www el lw lll ts« 


LTA OF Fy CURES F . “ 7 4 . . . . . * 111 


- 


ABSTRACT e e s o ” e « . o a e e a 


It EODUG?T 168 . e a * cd a es . . e e 


Oo 


DEFCRIATION 18 CERAHICS ° . 6 . ° ao e© © 
DEFORMATION IN SPINEL . a . « oe ~~ ee 4 ° 


Compression of Single Crystals 5 . Pe fe ee a” 
Compression of Polyarystalline Spine i ee ee 
Kinetico Considerations of Flow 

in Dense Polycrystalline Spinel . F 
Bending of Polycrystalline Spinel . 
Kinetics of Deformation ° . . “ 
Miorostruotural Evidenes of Deformation 
Disonesion ° ° . ° . . ° 


Bio ow 


ee 8 @ € 
se @ 3 8 
BRERG 


is 
oe 
oi 
bic 
b= 
eB 
ad 
= 
q 
= 
= 
= 
a 
= 
= 
E- 4 
= 
BS] 
= 
4 
= 
x 
2 
3 
2 
= 
2 
a 
2 
2 
ey 
3 
= 
= 
2 
i 
a 


RB 


CORCGETSIOS « ® 8 " ‘ ® ® ° a ° * 8 


\w 
at 
1 


Acknowladgemeiuts a | 


= 


aak Og AAT TPO oF OAL LAMAN ARNT AOLMY ATH SUNT ed eH a TR” Ap ATT TEU TACO MET RD ggg ot APNAH NDA on anc MMR NGHLA Ne oe oeHaRtHANe oe 


nab pas 


Fo tee 


yf fi 


Po 


Ficsura J. 


rigure 2. 


Figure 7. 


Figure 4. 


Adi 


LIST OF FIGURES 


Geometry for Slip in Spinel, Uniaxial Normal Straga along 
[110]. Upper and lower triangles each have two equivalent 
operative slip systems with Burgers veotors perpendicnd:. 
to each of the converging sides. Front and back traingles 
ragaive ouly normal stress; dislocations on thea are lmacble 
uniagg lacal misorientation or lateral shear initiates 
kinking. Four systems operative. 


usometry ror Sip in Spinel, Uniaxiel Normal Streas slong 
[111]. Three triangles converging at apex eagh have two 
equivalent operative slip aystems with Burgers vectors 
parallel to each of the converging sides. Bottom triangle 
receives only normal stress. Six systems operative. 


Geometry for Slip in Spinel, Uniaxial Normal Stress along 
[190]. A11 four triangles receive shear stress, and each 
has two aquivatent operative slip systems. Eight syatema 


operetive. 


Stress-Strain Diagrams for Single Crystal and Polycrystalline 
Spinel. Specimens deformed in compression above 1550°C. 


High Vacuum, High Tempersture Physical Testing Facility 
(Instron-Brew). 


Transverse Rending of Polycrystalline Spincl. 

(a) Specimen in position prior to test. 

(b) Specimen bent at 1700°C to 5% tensile at a nominal 
strain rate of 0.01 min-!, Four-point molybdenum bending 
jig, rear tantalum heating slement are visible. 


Stress-Strain Diagrams for Polycrystalline Spinel Deformed 
in Transverse Bending above 150°C. Vertical marks denote 
change in strain re numbers indicate applicable strain 


rates (in. in™ min™ 


Logarithmic Strain Rate-Stress Plot for Polycrystalline 
Spinel Deformed in Bending (HTB Series). Includes compsra- 
tive date for compressive flow in single orystal spinel 
(after MoBrayer) and polycrystalline spinel (after Chol). 
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Figuce 9. Seai-Logarithmice Plot of Strain Rate as a Function of 
Reciprocal Absolute Tempareture at Applisd Stresses of 
160, 250, pad for polycrystalline Spinel Deformed in 
Bending. Midpointa represent nominal valuesy upper and 
leser polata .épresent extrena values based on highest 
and leweat valuos of u. 


Figare 10. Nicrostructure of Poiyeryat«iline Spinel. Prior to High 
Temperature Deformation. Cr-shadcwed replication frasto- 
graphj specimen fractured in bending at roca temperature. 
X2206. 


Piguva 11. Wicrostrusture af Polycrystalline Spinel Afver Detarmation 
at 1550°C. Transverse section near tension surface. 
Cr-shadowsd replication fractograph; spécinen strained 
approxinately 3%, then fractured at higher strc‘n rate. 
2200. 


Figure 12. Microstructure of Tension Surface of Polycrysialiine Spinel 
Bent at 1700°C. (a) Slip bande developed in large grain; 
(>) wavy slip developed in large grain with approximately 
{111] orientation. Strain direction horisontal. Cr- 
shadowed replica of ground surface thermally etched during 
test. XzZ200. 


BRAEMAR AMAT SARUM RP a Bcc te ORM we A eae af AB ob RA, a se a wat 


ata eats 


wis 


BYU RIT Ta) Ra PDs 0 


\ 
i 
t 
i 
4 
ty 
if 
‘I 
‘ 
I 
, 
| 


ih 


ne 


"MULTIPLE SLIP FROCESSES In MAGNESIUM aLUMINATE 


AT HIGH TEAPERRATURES® 


By 
Hayne Palmour TIT 
Researoh Professor 
Worth Carolina State University 
at Raleigh (U. 8. A.) 
ABSTRACT 
Bvidenses obtained from high purity HgAl, 0, | ceramics dsforasd at 
high teemeratures sre presented which confirs theoretically pradisted 
mmitiple (211,)[119] elin aystema for epinsl, Aatvars-strain ard kinatin 
data aid aivvostructural examinations indicate that sninel, when anf= 


ficiently pure, does mast the Taylor-vcn Mises criterion for general~ 


ised plastic fl.y of a polyerystellina aolid, 


IFT RODUCTION 

A paper presented in the Special Ceramics Symposlum at Stcke-cn- 
fran? dn Jone 1947 deacribed N. C. State University's interest in 
spinel. Tit pleced special emphasis on variations in atrength and 
other mechanical properties of polycrystalline magnesium aluiinate 
which can be attributed to the composition and kesogenisty of starting 
materiais, fabrication histcry, and resultant microstructure. Much of 
thet prior paper was, is. face, converned with efforts to develop and 
charasterise “well behaved" polyorystaliines spinel ceramics, zo that 
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research on high teomparature flow and fracture could be aarrivd out 
under controlled conditions, Such studies with polyocryatallina apinel, 
avd pareliel onaa with singia oryetels, are new suffiotently advanced 
zc 


wo provide the bagia of thle report of ductility in fine grained spine) 


cersmius at temperatures above approximately 0.7 ee 


DEF ORMATICH IA GERAMICS 

If structural integrity ie to ba preserved, grains within a glass- 
free polycrystalline solid mist be able to undergo progressive changes 
in shaps during deformation, If grains cannot deform, then transla~ 
tion, rotation and separation of individval grains mist inevitably 
occur ss strain progresses, Most crystalline ceramics cennot be per- 
mansntly deformed by grain boundary cliding alone, ewan at high tea- 
peratures, without progressive grain boundary separation and evextual 
gross fractere.”* 7° 1 the balk volume miat increase as mepsrations 


fora along the boundaries, and of course, any long nerrey void in a 


boundary becomes mechanically equivalent to a propagatable crack under 


an appropriate appiied ntrean.” 


Two quite different mechanisms nay be available at high ‘vempers- 
ture for accomplishing generalized changss of grain shape in ‘oryagal- 
line ceramics, thus preserving atructural integrity. In the first ex- 
ample, enhenced ionic mobility at elevated tempsratures ieads to dif- 
fusion precesess cepshis ef echisving mass transport fram regions 
ander compression toward tension regiona of the stress field. Such 
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wenhandieas torm the basis of the well know Nebsvro-Herring precega 
?or sea co i Mtrusionel crscp 16 waticeudiivally aescribead aa a 
viscous procesay jt imwolves low stresa, low strain rates, and » Tine- 
ar atrain rate-satrena relationship, In creawics, such creap protesesa 
usually occur et atrain rates measured in very aas)l fractiona of 
inches per inch per hour! 

The second flew procega by which atructural integrity can be pre~ 
served during deformation involves crystalline plasticity. For ples- 
ticity, mobillty of disiecations isa a first requirement, one which can 
be attainad in most orystalline colids by sufficient thermal seciiva- 
tion. In single crystal form, anisotropic refractory oxides and even 
covalent-bended carbides oan demonstrate considerable hieh temperature 
ductility in orientations faverable for slip of dislocations.” 

In a polycrystalline aclid, however, constrainta to alip are 
developed between neighboring grains having randomly different orien. 
tetions; high engle boundaries between such grainy act as very eiiec~ 
tive barriers to oncoming dislocations. In such a sitwation, ther- 
mally estivated dislocation mobility alone ia not sufficient for con- 
stant volume plastic flow, but there also must be a suffieient meber 
of indspendent slip systems to achieve a r:meralised and self-contain- 
ed chauge in grain shepa, This limiting gecestric condition is ex- 
pressed in the Taylor-Von Hines criterion, Py 19 ndoh specifica 
that at least fiva independent systems are required for polycryatai-~ 
line plasticity. According to Groves and Keliy, 21 none of the caamen 
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ceranle materials meet this criterion at low tampsraiares. Tn a ware 

recent peper, Pratt st el dsaonstraied plesiie behevior in polyoryatal- 
line CaF, at teensratures as low 4s 350°C, 1* Wroa at hien tessraturs, 
only those ceramiaa having FaGl and CaF, etructuces have usually been 
ecnaidered oapable of dewaloping dactility in polycrystallina form ite 3 


* hes dascribed steady state ereep in plasticelly deforming 


Chang? 
ceramia solids at some high temperatura aa that stress-strain rate 
oondition where the rate of evrk herdaning dda to pilenn of disloas- 
tions at slip bands, grain boundaries and otner chstecles Ix exactly 
matched hy the rate of racowcry, 1.9.5 the rate as which dislocation 
“debris* can bea dissiprted at that temperature by diffusional procs- 
esses. The earlier Weertman’? unalvaia for creep iavoked ancther dif- 


fusional process, climt 5f dislocations into unused alip planes, as ths 
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ate controlling wtep. 
Plastic craap in polyeryatelliing solids is cheracterised by sicop 
logarithmic strain rate-stress slopes (generally on the ordsr of 3 to 
6), and by an activstion energy higher then that for plastic flow in a 
single crystal. Ita magnitude is usually on the order of the activa~ : 
tion energy for self-diffusion for the slow mowing ilonie or atomic 


species, Under favorable tex srature-stress conditions, strain rates 


in the f.-aetiomd inch per ineh per minute ranges are typical for steady 
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state plastic flow, and for metals, may ba one or more orders of 


magnitude hither. 
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The spinel strustare is almost unique among csremic crystal iypas 
in that ita dislosations era arrenged gomeehnat like those of a face 
centered cubic metal, Ita structure ie complex, tut the (111) slip 
planes ars anion close-packed planes, and fui0} oxygen-cxy gen direc~ 


6) 18 those multiple (111)[1ie] eiip sys- 


tiens era slip direativcus 
tems ara esheantiselly tliustrated for uniaxial icading along [110], 
[111], and [100] in Figures 1, 2, and 5 respectively. 

In the {110] case, two slip plauss ara equaliy orlenied tc reagive 
shear streas, and each has two equally stressed burgers vectors along 
which siin ean acenrs these two planes caitain four indspendent slip 


systema. The two remaining planes are parallel to the lord axis so 


that dislosaticns lying in them sre subject to normal ratner than 
aiear stresses, end nence should not glide, This orlentation does, 
howsver, p.esenut a classical opportunity for a special type of disio- 
vation motion eslled kinking to ocour.*? 

When the load axis coincides with [111], as in Figura 2, there 
are three equally oriented planes subject to shear, and ezch as two 
cperative Burgers veotors. In this case, six independent: systems ara 
evident, | 

Fer the [160] load direction (Fig. 3), i.:r equally oriented (112) 
planes are in shear gecmetry, and each has two favorebiy orlented 


Ber gera weotor directions. In this direction, eight indspendent slip 
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Fepeontige A for Sifs jm Spinel, Uniaxial Nermal Siress along 


3 Umer ers} Teese triangles each hava two equivalent 
eperstive Slip systems with Pur gers vectors perpendinn lar 


28 azah of the conparging gids. Fromit and bask triangles 
shtider caly noreat stress % dinlocatt icna of them are imsoble 


# Figures 2. Geometry for Slip in Spinsi, Uniazial Esrmal Stress along 
ig {131]. Three triangles converging at apex each have txo 
Lz equivalent operative slip syatems with Burgers vectors 
1B parallel to each of the converging sides. Boviom triangis 
; receives only normal stress. Six systems operative. 
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ent operative slip systeres. 


for Slip in Spinel, Uniaxial Boral Stress along 
3j;, Ali four triangles receive shear stress, and each 
Eight systens 


= 
a 5 
= eyanéms sees assure 
: Tables 1 susssrises cparetive slip aysteas aud pesulived snesr 
7 etregess and gtreins for undexiel stress epplisd parsiie, ta theses 
: lew indsx dlresticag in spinel. | 
: Qcepregsicn of Gingls Gryatels 
Spinal crystals uniaxially deformed about is in compression parai— 
lei to [iio], [2121], and [100] direstions at temperatures above 1550°C 
: et strain rates beteeen 0.001 min aud 0.1 min™ demonstrate just 
auch behavior,” The morphology after deformation is extirsly ccusist- 
ent with that predicted from theses geometrical consideratioas of slip, 
even to the consistently observed broadening of the (110) face by 
: interpenstrating siip and the concurrent kinking visible on the orthog- 
5 enal (019) faae for eryatala streased on [110] when wisorientations of 
: es Libile es 3°, or eccidentaliy eppiied shear stresses, nava been 
é 


present, 

Singls sryatel studies are being carried out in ovr laeberatory 
with enecteers ent from one larga hoole of san Alumina-rich spinel 
solid solution (aio, igo 2.981). Spinel crystals with 11 stoichi- 
emstry of a sise and quality suitable fcr ruch deformation studies 
hare Hot, teen suscessfully eynthesised.)” Consequently, these cafor- 


mation studied are being earried ont above 1550°% (eppreanhed at a 


: *a. Beagles MeBrayer, Docteral Dissertation, Te be published. 
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‘ rate ef 50° min“) to ayold exsolution of hypsrateickiesstric ajinualna 

4 as 4 second phesa. Rapid asoling of the furness etter ccaplstica of a 

: testi dcas not entirely elistuates exsolution ah surface dtasontiucities 

: remenent from grinding and poldeht Be 

: 4 typical. stress-strain plat for ons anna single erysted specimen 

: is illustrated in Figare k. ‘the yield strsss was very low, and the 

i region up to 3% strain (note compressad acale) is attributed to work 

hardening. It was followed by a steady state creep region ai a tiow 

2 atrasa of GG00 pai, whieh contimed vrtil the scocine. was uuleeded 

: after 5% strain. Temperature Yluctuations are respoasible for siresa 
deviationa in the steady state region. 

2 Coaprassion of Polyerystsiline Spinel 

iy A comarable atudy of high tewneratoure deformstion tn polyerya- 

fi talline spinel has ealeo been carried ait, and will form the basis of 

- a subsequent paper.” Careful microstructural examinations by fractc~ 

graphy ,“° and, more recently, of thermally and/or chemically etched 

£ specimens defcraed under various conditions, have yielded conclusive 


evidenser ef truly plastic behavior in polrcrystalline spinel. 
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Cosrea grained epecimens (dos200 ay partiovler are rich with ex- 
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aenies of wavy slip, locslized resrystallisation, generaticn of grain 


bualidary separations sad Sir ~Peton®? crasks (uraversing the bounda- 


ries) tu heavily worked regicns. Figure i: i] lustretes the marked 


—— = es 


Seen ene ener SRE ETA i 


AFUE Ramet erences 
ee 


* 


a gare IRMA) a atu 


| 


J bua nba ent cave Hi efi ad ap’ BLP 


: Baia (eC HEAL 2 Lr etme enone ee NRRL eNeeHmNDER EE Cae Ree seme: rom ese eceryumccmevuie BOWS ee ee ee a ee a ee Pee Pe eT Ee ee Fa | 


"Oo0SST @aoge ucTsseidmod CT pewrosep sueuposdg “teutds 


eurTTeqsdrodtog pre Teyeix a 2ctg Joy smecietg upeENg-ssang ‘th emdyZ 


NINI', 0) *NIVELS 
O68. 6 & 9° Se eS Hh. 


rl ’ i 4 
IU SZEOO'O = 9__ ff” Fe B 
2.008) | = 
| 4 
(aoos %, $1 ups) i S O 
| Sixyv ¢Gv07 Clil] i 
+ WiSAMO STOMIS TSNIdS | lg “ 
j-UIW 100'O = 2 ] 3 

3 eO0GC! 

O1 Y 
. A}, * 
| a! ‘cee 
ROgi=p Pa | ; me 
UL SEEOCC =? jap fMS 
© DS9! uw SZEO0'O 2 ft, 7 

| 3 J | 

Rrmac Fine! Coeees Stora SCREEN PRAM GEM: ROE EOLA 


ase. Wee te ten ne ted ail 


4 
= 


44 


TET TE SLE 


ffeat af taapsraiura and grain elsa unen typicel ecamreassive siress~ 


sivain diessrazs ovtsinsd iraa dense polyoryatelline epinel apeoizsna. 


a 2 ae 7 n ee 
Avery strong strain rete depend ice is alee found (s ios sbsre n 


-m 2 


ranges from 3 to 7 depending on grain mise temersntares) . Ali these 


a 


results strongly suggest that polysoryetaliine spinel does deforn ty 


oryetslliins plasticity, & presasa luvolving sobility of dielicsationa, 


1 4 s san®?- 
at temperatures above ebout 1560 C. 


Kinetia Cenatdaratione of Flow in Dense Polycrystalline Spinel 


As a working eodel fer the flow process in poiyarystalline spinal 


a phenawenclogical strain-rate equation is proposed which is analogous 


to the Dorn’* creep rate expression but with the addition of an ex- 


pression (d“) to describe the effect of grain size: 
to = rg eT gm (i) 


In logarithmic form, and with the dspendent experi=sntal variable 


(@’, the fley etress) transpossd to the left hand member, the steplest 


ae ee be 


@npresaiua su St 8 


w= -(2) inks (=) mi+ (2 + (3) m4 (2) 
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Sinse there 1s @ considerable iikelihoed of higher order effect . 


end pertioenlarly of interastiona between variables (s.g., a wempera~ 


ture-grein size interestion ‘nfluencing flow stress might come abuus 


4f geain sise or grain shape is altered as a funsticn of the test tem-~ 


perature), the high temperature compression experissuts have been 


das i ‘ ly ar £ 
Signed for anelyaia ijn teres of ths expended Taylor's seriea modal 
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3 
T= b +b, +b1,* x +bF@ ‘ 
eee Bama hap ob hat tae eat ere (3) 


X, = f (in 2) 0.0005 ming 0,05 min” 


ef = 1626 8 ot go73°x 


% ~f (Ind) 0.5 ad 200 
If the cesificients of tha quadratic and interacticn terms shald be 


inatenifieant,, the: the sixplest sodel (Eq. 2) will have been shown to 


be valid, and 


(is) 


bs * 

thas providing the quantities K, n, Q, and m which will serve to 
decorive tie kinetice of the process, However, should any of the 
quadratic (@.Z6, L) er interaction terms (8.8.5 x4) prove to be 
statistically significant, the simplest model cannot be justifiably 
employed, and it will be necessary to develop a more sophisticated 


interpretation of the flew process. 
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Bending of Polyorystsilina Sninel 

Tn resent expoerisents, polycrysteilina spinal sige hes bean da- 
foresd in tranaverse bending at temperatures ranging from 150°C ta 
1760 CG. Thesa tests were oarried out in a vacuum furnace” operating 
torr, a3 were the compression studies already described. 
The turhace 1s fJtted on an Instron physical testing machine,”” as 
eneen in Figure 5, The combired assembly and its sssoulated instru 
whentation provide measurement, control, and/or progrsssing capability 
cvar température (to 2500°C), strain rate (2 4n. min and dowmrard by 
about five orders of magnitude) and Load (sensitivity from 1 to 10,000 
pounds full scale). Stabilized watur prasmure is provided to elimi- 
nate fluctuations in applied stress attributable to length changes in 
the water-cooled load colwan, Much care ig exercised in achieving 
atlal alignment, and it is alee necrssary tO correct the Joad wetehing 
afstea for the pull of the vecrum on the upper colum which links the 
sample to the load cell. When thess precautions have been taken, the 
uncertainty in measuring applied load im on the order of one pound or 
lesa, and is attributable principally to the frictional drag of O-ring 
seals through which the load culumns mast move. 


ee 


Model 104, wacum furnace, a product of the Richard Brew Co., 
Gonoord, MW. H. 


““‘xodel TTCIM, = product of Instron Enginesring Corp., Canton, 
Aass. : 
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For theae Tour-polnt beading ezperimenaca, e nolybdsmm finture 
(chow Wee Gailuyed. it providse « 1.0007 gps. on ths 
lower bleck, which je articulated cn an internal bali and socket 
foint in such @ way thet it ean adjust to evenly distribute lead on 
the knife edges ty tilting slightly fore and aft, and even mora in ths 
pistere plens, Hossver, 1b is pimied t> prohibit retation by more 
then 9 few dagrasa abcut the jead avis. The upper push red has a spen 
of 0.500", and 1g “ined in the mackine in proper relationship with the 
lower block by usa of an aligning jig. The go° knife edges are rota- 
bed 15° from the vertical, and «re dressed to provide a slight radius. 


Tho specimens used were cut from a single pisos of hot pressed 


spinel of D4y.95% purity. Its sverage grain sise was approximately 


me aud tte dei .ity was 97.4% of theoretical (besed on 3.60 g/ea). 
The indi-idval spesigens were cut with a diamond saw, inen ground flat 
asd parailel on the hema faces to within + 0.001", Their naalual wise 
waz 0.0900" x 0.360" x 1.30". Retainers of 0.010% dia. molybdemm wire 
were seployed to keep the specimens in place on the bending jig. 

After insarting the specimen and puttirg tne furnace under varn- 
wa, & small stress was epplied and remove i syverel times te establish 
the point of savo stress, and tv reference strain resording micro- 
meters at the paint of contact, The bleck uas then lowered by an 
ssount suffisivat to insure that themal exmanaion of the molybdenun 


lead coluams did not put the speciuen under streas pricr to the cotual 
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test. Heating ut approximately 50 G/min was prograszsd, wing « © 


B 
262 Ra thermocouple input. A iwm-nolor pyramater, essentially fres 


Soran ot pee gat were TY 


Trea emissivity effects, was used te record and cont-o] at ts test 
temperuiure, and a disappearing filament optical, pyromstsr wa Loy 
ed fer sa latepemdent temmerature check. Measurement md cogtrol 
under these conditiony is considered to be reliable within + 10°C in 
the absolute sehee when sighting on a black body; very smail chanyea 
in tempeveture (221°C) in the relative sense can be detested and 

4d. Tos sewicsolloidal carbon "Prodag* intended to provide a 
palinved—ua oleck Sody sighting spot in this experiment persistently 
diffused into the aclybdenum. lesviug a feiriy bright molybdenum car- 


bide gurfece, ao that reflectivity frog the hotter heating elements 


wes not eatirely excluded. Hence the indicated temperatures may hive 
Leen somewiat bigner than the specimens actually attained, 

, Figure 6b illustrates a specimen after approximetely 5% outer 
fiber tensile strain, accomplished at 1700°C st strain rates which 
ranged frou 0.0012! nin to 0,01 min”). The flow stress with the 
latter atrain rate was about 200 pai, with a very slight upward trend 
— tz ive of work hardening, At thy conctusion of the test, the 

H epecimss was Intact, with every indication of full retention of struc- 

tural integrity. 
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Figura 7 illuetratea etresa~strain relationships for thie and Bonee 
other ensciesns deformed in bending. There 1s marked temperature and 
etrain rete dependence, and considerable ev ide: of work hardening at 
ihe Lower temperatures end higher sttain raiss, Steady svete flow 
stresses ex low ag 700 pel have been observed at 150°C, brit only at 
very low strain rates. All atress, strain, and strain rate data re- 
ported from thesa bending experiments have been teuperature corrected, 
i.s,, adjusted for dimensionai changes in specimen and isading fixture 
dnduesd by tharmel wsavsnsion (sea Eq. 5). 


Kimeties of Deformation 

Plots of In @ es a function of Ing~ for seven such bending exper- 
jmente over the range Ui50 — 17an°C are shown in Figure 8, end, for 
ce=perison, some preliminary data from Nokrayer's deformation of (3.11 j 
oriented single orystais and from Guoi's comprersion t«sta on poly- 
erysteliine spinel ere included. All show a strong stress-strain rate 
dependence, with the constant n alwaya having values well above 2, 
with an average near 3. 

In the bending experiments, it has been observed that n varies 
free fost leas than 2 to abet 5 aver individual sequences of the plot 
for a given epecii1, depending upon whether the strain rate was being 
lowered (yielding Jca; 1 values) or increased (bigs values). In these 
expe: lesnis, strain rave was nomally changed ebruptly ty 4 fastor of 


two, either halving or dowbling, without unloading the specimen, 
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Ty a gear changs waa required to further extend ths strain rate rateu, 
the strwss generally wae resoved. allowing the epaciwmen ta Prest? far 


a pariod of several sinutes, hen testing was rosumed at the higher 


strain vate vengs, the slope would be significantly lower than normal, 
usually over three levele cf increassd strain rete spanning slucai a 


half dsceds, For ths bending eaperiments, the averaged value for o is 


2.7. Therefore, at constant tesperatura 


ae US: : 18 2 o7 
&@ st 8.7.x io a ak (5) 
a 3Patk 
where = outer fiber tensiie stress = 7 L 
eae 
bh 
& = outer fiber tensile strain rate (min””) “Oh ay La 


P = load (pounds) h= beight (in.) 


b = breadth (in.) 57 = crosshead strain cate (in. win’) 
lta, 
PF, o« thera] correstion factor for extrasa = ——-".._. |, 
t a ae 
1+ a At 
Fo = ‘thermal correction factor for strain Ti + «, oF)? 


4 ” eosfficient of linear thermal o:pansion for spinel = 


Ww, * coefficiest of linear thormal expansion for molybdenmo = 
5.7 x 107 %_7t. 
ST = difference betseen “ent wi room temperatares, °e. 
A plot of In é sa a furstica of 2 fer three levels of flow stress in 


bending at temperatares of 1550°C aad shove is shown in Figure 9. 
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Fiera O, Semi-Logarithmie Plot of Strain Rate as a Function of Rectp- 
oy rocsi Al-szclute Tesperature at Applied Suressex of 100, 250, 
pai for polycerystallins Spinel beforsad in Bending. Mid- 

3 points represent nominal values; uppsr ar. Lover pointe 

# represent extreme values based 1 highec« end lowest values 
= of nm. 


Javela, iatinetiva of a pasannobly wall bebsved raletionshig raspon= 


siva te a single estivation exergy carer tha tsapsratere raaga, 


Greghical evalustiens of these preiiminnry data provide an osapirical 


rate equation far Vending of the form 
Boe age? W/E (6) 
waer?- in this experiment 
B= 0.375 «10! g? 7 geth.158/e (7) 
The apperest agtivation ensrgy, Q, has a value of approximately 21) 
Koai, and the preez-oential, At, has & value of approximately 0.575 x 
ie , These \vaings ar not inconsistent with rome thermally activated 
process involving zelf-diffusion of a slow moving ionic specles. This 


esparinentally de.tved etpreagion cnly differs in ene respect, ths 


isak of a Linger : term, from the Woartuan!” squation for a creep 
Facvess oopirolled by disloestio:;n olisb 

e-4 ia oo VET, (8) 
Poast...1 7 oan oe adjusted to Weertman form by emplnying a typicai 
exporinental value of = (0.55 x10") 28 a divisor for A', yielding 

& = 0.68 x 10°48 ae 9721, 000/kr (9) 


fer bignh vemperature bending in apizxcl. 


MWiorestructural Kvidenses of Usfsermation 
Micrustrustural studies in pélycrystalline spinel are fairly 


= 


glace a bait ie cal 


sukwerd by cunventionsal polish-end-eteh tachnigues, partly because 
etching spinel in sulpmarie snid at 270°C is 2 difftewlt and unpleas- 
ant business, and also beqause ocld working of the surface during 


_ pelishing asvally Jsady to heavy eorateh textures on the etched 


EMME ep Pe 0 ules 2 SAO mepay Wee at er dh Was Faw Tif 


speciaen, For may studies, it hes been found that replicas af fruc- 


turad or free” thermally etched surfaces, uhen shadowed with chrooinusa 


Seen eas 


vapor, lond tremselves particularly wall te optical microscopy «t 


wagniifieations up to about 1000X. All those Dinatrated here were 


° 
taken of plastic film replicas” shadowed with 200 - OO A of Ur mata 


Ye 209) ap teat Me Popa 


at an incident angle of approximately 5°, and ware photographed on 
Poleroid P/M 55 film using a reflected light microscope” with bright 


field illumination from a sirconivm aro sonrce (with green filter). 
The polycrystslilus apinel tested in the pending exmearineants was 

fing grainsd end rather unifora in texture, with a siightly bimodal 

grain sise distribution averaging 2 - Ve The matrix vas quite fine 


with @ grain sise on the order of 1 ~ eq, and grains which had growm 


larger ware only about 5M mexincm. Figure 10 illustrates the micro- 


structure ag revealed by fracturing the material at room teaperaturea 


a *peplicating Solution, # prodnet cf Ladd Industries, Inc., 

LE 159 Wagon Rd., Hoslyn Heights, N.Y. The solution ie thinned with 
ee acetone to optimus fluidity; after drying the replica is peeled off 
: with transparent tape. 


**wode). KeF Universal Microscope, a product of Optische Wurke C. 
Reivhert, Vienne. 
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Figure 10, Miorcotructure of Folyorystalline Sy Inel Prior to High 
Temperature Deform)‘on, Or-shadowet replication fracto- 


graph; 
XeraG, 


specimen fractured in bending at room temperature, 


To ree emanate. cate rams erent ne A ee a en QO fe RE et pr 


— Sed Sa —} rs - 
es in bending, Some sridancs ef the pora Phaga (2.6%) eas be noted, ani 
a beth trens-ond-intereramilar frestond: petha ore obzsrerd, 
2 a 


fleme grain grosth ceeurred ab teab teaperature, ae ghe=>: is 


Figure 11, repliceied from a apecitmen deformed to shunt 3% strata 


Prior to deitberate Zresiure st higher strata rates at 1550°C. The 
é ofeses section in this Ligure wua the trace of tre 
seraion fesse of the bent epecinen. The matrix grains wera only alight- 
ly larger than those in unbsated spinel, but the iarger grained frac- 
tion had grows to 10 - aA etka, the exemle eho-a being una of thy 
largest observed. Tuese larger. grains frequently showed eviderive of 
interesting slip, whersas the finer watrix grains di’ not, at last 
within the resolution of the optical microscope, Although this region 
had been subjected to cexsiverable strain (normal to the picture pians) 
price to fresture, there was no evidenea oO” the development of grain 
boundary cracks, Finally, it sheuld be not-d that fracture was partiy 
intergremiar, partly trausgramlar. 


Replicas tiken fron thermally etched tenaten and ecercceaton Far: 


daformetion., Many of the larger grmin= showed evidersea of flip bends 


and the cnset of wavy slip indicative of plastiag deformation. Two 


mach examples ta’zen from the tension surface of a specinen deformed at 


1700°c to an outer fitor teneile atrair of elusat 0.05 in. in are 


shew in Figsre 12. 
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Figure 12. Microstructure of Polycrystalline Spinel. Arter Deformation 
av 550°C. Transverse section near tension aurfaco, 
Cr-shadowed replication fractograph; -spectwen strained 
approximately 3%, then fractured at higher strain rete, 
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Figure le, 


Micrcatructure of Tension Surface of Tolyoryetailine Spinel 
Bent at 1700°C. (2) Slip hands developed in large grain; 
(b) wavy slip developed 1n large grain with approximately 
[111] orientation. Strain direction horisontal. Cr- 
ahecdeved renlica of p ound surface thermally etohed during 
test. X20. 
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BDisgevaica 
Ges gen aatagorigally rale cut grain boandary aliding a5 the rate- 
controlling weshanisn ia bending of spinel above 1550°C on the groand? 


thet, tha kownderdes were i412 intest after ag much am Tiwe porsent 
Strain, aad bevaise a viscous stress-strain rate dspvsdence (rn ~ 1) 
wee net observed. Mabsrro-Herring diffacicnsl cresp iv alae camsid- 
ered quite aniikely on the grousds that the opservid strain-rate- 
etreas eosfficieat was mch higher than unity, and also because strain 
rates guployed in these beading end compression experiments excssdsd 
thoao normaliy ocesrted at ccmparchle tempersiures fer diffusional, 
creep in csramies’ sy at least two orders of magnitude. 

Strese-ctrain rejationshins, including werk herdening, aud the 
kinetic analyses, provided strong support fer a plastis deformation 
prosers involving havderins hy dtelenstiss intaracticng with steady 
state flew being geverne) by some courteracting thermally activated 
fecovery process. ‘These preliminary data obtained from a relatively 
amall nuaber of spesinens ‘oe not considered adequate for exact quan- 
titative determ{ustions af the values of mn or Q. The ralues reported 
are adequate to cemonastrate plastizity, but a is ccasidored jresently 
te be somewhat toc low, and Q ecaswhat too high. Choi's ccamprassive 
studies, based on nany specimens, indicate that the nominal value of a 
fer polyerystalline spinel may be ao high as i; er 5, and that Q may be 
as low sy 165 Zeal. 


@e dec-aere in bilk density was ebsarved, in fact, density was 
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ivsressed dering bending. Hiarestruaterél evidezes ales exefiresa 
the sweetie ei avractural intagri ty after extensive deferwation in 
heac'ing, and provided many oxemples of plastigally altered grains. 
Other mieregrapia have indicated possibls peor lestation rer sete 


foaisavion wear grain beandkries dn searge eraived epics! defermsd In 


compression, Sock observations are considered to gi75 sume preiarence 


to the Weertman concept of dislocation cliab as the rate-controlling 


seohanism for plastic flow in spinel, altheugh the xinatio data now 
evailable are not complete encugh to permit <1 .csabiguuws drssgna- 
tioz of the exact mechauisa. 


CONCLUSICE 
Spinel cf high purity and fine grein eins Ja a ducviia caraute 

wien deformed by dancing at high temerciaces. Stews LO%G, ty Adee 
playa etrain rete ssusitivits, strein hardeiag. resuriy, Vtansiblil- 
ty, and other plastic treits ome normally associates with a face cen~- 
terad vecal. Under these conditicas, it is not brittle in banding un-- 
less the striin rate is high, well in excess of 0.01 nin. However, 
the onset of plastisity in the 150°C temperature range reduces uset: }. 
streugt: to a relatively low level, nct because of fracture, bet be- 
canst of rapic creep. Tris factor sheula he taken ints escount in wy 
sagineering epplisation ef pure fine grained spinel at those toupera- 
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The availability of a reasonably ductiis polysrystallina ceramic 
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ab ouperinental iy—rd isdestris. ly-stteluable tesperatares da2s eagessé 
sesa interesting poses tbillties fre futere inwestigetion. Ons can pre- 
(Ast with real sertainty tet spinel will contime te be atiractive ag 


* mogel material for resserch studies ccacerned with list working and 


strangtheming of high tamperaturs materials. 
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